Throughout infancy, childhood, and adolescence, our brains undergo remarkable changes. Processes including myelination and synaptogenesis occur rapidly across the first 2-3 years of life, and ongoing brain remodeling continues into young adulthood. Studies have sought to characterize the patterns of structural brain development, and early studies predominately relied upon gross anatomical measures of brain structure, morphology, and organization. MRI offers the ability to characterize and quantify a range of microstructural aspects of brain tissue that may be more closely related to fundamental neurodevelopmental processes. Techniques such as diffusion, magnetization transfer, relaxometry, and myelin water imaging provide insight into changing cyto-and myeloarchitecture, neuronal density, and structural connectivity. In this review, we focus on the growing body of literature exploiting these MRI techniques to better understand the microstructural changes that occur in brain white matter during maturation. Our review focuses on studies of normative brain development from birth to early adulthood (~25 years), and places particular emphasis on longitudinal studies and newer techniques that are being used to study microstructural white matter development. All imaging methods demonstrate consistent, rapid microstructural white matter development over the first 3 years of life, suggesting increased myelination and axonal packing. Diffusion studies clearly demonstrate continued white matter maturation during later childhood and adolescence, though the lack of consistent findings in other modalities suggests changes may be mainly due to axonal packing. An emerging literature details differential microstructural development in boys and girls, and connects developmental trajectories to cognitive abilities, behaviour, and/or environmental factors, though the nature of these relationships remains unclear. Future research will need to focus on newer imaging techniques and longitudinal studies to provide more detailed information about microstructural white matter development, particularly in the childhood years.
Introduction

Brain growth
How does the healthy brain change as we learn, play, and grow? From the micro to macro scale, the human brain undergoes remarkable structural changes throughout childhood that lay the critical foundation for long-term cognitive outcomes and mental health. Infancy and early childhood encompass the period of peak brain growth, but brain structure continues to be refined and remodeled throughout childhood, adolescence, and into young adulthood in response to genetics and environmental conditions (Rice and Barone, 2000; Stiles and Jernigan, 2010) .
Major white matter tracts including projection and commissural pathways emerge in the fetal brain between 13 and 18 weeks post conception; thalamocortical and association pathways develop later during the fetal period (24-32 weeks) (Huang et al., 2009; Takahashi et al., 2012; Vasung et al., 2017) . All major white matter tracts are present by the end of normal gestation (37-42 weeks) and can be identified using diffusion tractography (Jovanov-Milosevic et al., 2006; Keunen et al., 2017) , even though little myelin is present. Fetal white matter development involves pre-myelination phases such as proliferation of oligodendrocyte progenitor cells, followed by development of immature oligodendrocytes, and ultimately, development of mature oligodendrocytes, the glia that form the myelin sheath (Jakovcevski et al., 2009) .
The elaboration of the myelin sheath around neuronal axons (myelination) begins in mid-to-late gestation (at approximately 20 weeks) and plays an increasing role in brain communication (Fields, 2010) . As the lipid myelin sheath forms around the neuronal axons, it acts to increase the conduction velocity of electrical impulses, improving brain connectivity. Myelination advances rapidly throughout early childhood (the first 5 years of life) in a carefully choreographed caudal-cranial, posterior-to-anterior arc (Barkovich et al., 1988; Yakovlev and Lecours, 1967) . This ontogenic pattern is tightly regulated by neural activity (Demerens et al., 1996; Ishibashi et al., 2006) , and coincides with the emergence of cognitive skills and abilities (Fornari et al., 2007; Luna et al., 2004) . While the majority of myelination occurs during the first 2 years of life, this critical process continues through adolescence and adulthood, reaching a maximum in the 2nd or 3rd decade of life (Yakovlev and Lecours, 1967) , and undergoes refinements throughout the lifespan. White matter microstructural development is susceptible to environmental influences and changes can be induced by learning or intense activity (Fields, 2008; Zatorre et al., 2012) . A possible mechanism for these changes is activity-dependent myelination, either via new myelination of previously-unmyelinated pathways, or via myelin remodeling of already myelinated axons (Fields, 2015) . The exact mechanisms remain unclear, though both animal and human studies show white matter plasticity in response to learning or environmental stimuli that suggest ongoing interactions between brain development and one's environment (Blumenfeld-Katzir et al., 2011; Keller and Just, 2009; Scholz et al., 2009) . While plasticity may vary in magnitude and time course, it is not limited to particular developmental periods, but has been shown to occur at all stages of life.
Magnetic resonance imaging
The advancement of non-invasive neuroimaging techniques, particularly magnetic resonance imaging (MRI), has allowed a new generation of investigations into the patterns of brain growth. By selectively 'tuning' the MRI signal via acquisition protocol and parameters, information can be obtained on differing but complementary aspects of the tissue microstructure. The most historical of these measures are the longitudinal and transverse relaxation times (T1 and T2, respectively) (Bottomley et al., 1984) . Changes in T1 and T2 can be driven by differences in water, lipid and molecule content, iron concentration, cell packing and density, and other tissue properties that affect water mobility (Gelman et al., 2001; Miot-Noirault et al., 1997) . Another method for improving myelin contrast is using the ratio of T1 to T2-weighted imaging (Glasser and Van Essen, 2011) . T1 and T2 imaging are sensitive to microstructural features (e.g., myelination, iron, and water content/fibre packing), but are more typically used to measure brain macrostructure including volume, cortical thickness, and surface area.
More commonly, MRI studies assess microstructure using metrics derived from the measurement of water diffusion with diffusion tensor imaging (DTI), including fractional anisotropy (FA) and mean, radial, and axial diffusivity (MD, RD, and AD, respectively). These DTI parameters are sensitive to aspects of tissue microarchitecture such as local fibre density, coherence, orientation, myelination, and overall tissue 'integrity' (Basser and Jones, 2002; Beaulieu, 2002) . DTI data also allow reconstruction of the 3D fibre architecture via tractography (Basser et al., 2000; Mori et al., 1999) . Animal models confirm the sensitivity of DTI measures to myelin in single and coherent fibre systems (e.g., spinal cord, corpus callosum) (Song et al., 2002 (Song et al., , 2003 , but also show that anisotropy is present in the absence of myelin (Beaulieu, 2002; Beaulieu and Allen, 1994) . DTI has been by far the most widely used technique to assess development of tissue microstructure, likely because of quick scan times that can be tolerated by children, convenient access to protocols on clinical scanners, and the availability of free, user-friendly analysis software.
However, DTI is limited, particularly in areas with multiple fiber populations where the tensor model is insufficient, which may be the majority of the brain (Jeurissen et al., 2013) . A variety of alternate diffusion acquisition schemes and models have been introduced to overcome the limitations of DTI, though most have not yet found wide application in neurodevelopment. Acquisition techniques such as high angular resolution diffusion imaging (HARDI) (Tuch et al., 2002) and diffusion spectrum imaging (DSI) (Wedeen et al., 2005) collect more directions than DTI and use higher b-values . This enables more complex models fitting multiple fiber orientations in each voxel to better reflect tissue microstructure. Alternatively, models have been developed to characterize white matter microstructure in more detail than DTI parameters. These include the composite hindered and restricted CHARMED model (Assaf and Basser, 2005) and neurite orientation dispersion and density imaging (NODDI) (Zhang et al., 2012) , which provide additional architectural information, including axonal and neurite density (NDI) and orientation dispersion index (ODI). Diffusion kurtosis imaging (DKI) is a model-free fitting that measures deviations from the Gaussian signal caused by restricted diffusion (Jensen et al., 2005) . Its parameters are analogous to those from DTI, with mean, axial, and radial kurtosis (MK, AK, RK). White matter tract integrity (WMTI) is an extension of DKI that relates measures to microstructure, providing estimates of intra-axonal water fraction and fiber dispersion (Fieremans et al., 2011) . Fixel-based analysis (FBA) is new technique that provides measurements of specific fiber populations within a voxel (Raffelt et al., 2015) , overcoming some of the averaging limitations of DTI metrics. These more advanced acquisitions and models often require double or triple the scan time of a typical DTI acquisition, meaning that fewer children will be able to tolerate the scan and provide good data, and making them less attractive to researchers attempting to acquire additional data (e.g., functional MRI) within the same study. Furthermore, analysis is not as straightforward and software not as readily available for advanced diffusion techniques as it is for DTI. Thus, while these advanced acquisitions and models are capable of providing valuable information, they have not been as extensively used to study neurodevelopment, particularly beyond infancy.
Magnetization transfer (MT) imaging utilizes off-resonant prepulses (þΔ or -Δ) that saturate the macromolecular protons, which then exchange with the free-water protons, reducing the signal available for imaging (Henkelman et al., 2001) . Magnetization transfer ratio (MTR) is the ratio of a reference signal to that obtained with the off-resonant pulse, and provides a measure sensitive to macromolecular content, including myelin. Quantitative magnetization transfer (qMT) is a related measure that requires longer acquisition times but more accurately quantifies the macromolecule-bound water fraction than MTR, and also provides an indirect measure of myelin content (van Buchem et al., 2001) . MTR and qMT both show strong associations with myelin content in postmortem studies (Schmierer et al., 2004 (Schmierer et al., , 2007 (Schmierer et al., , 2008 ). An extension of MT is inhomogeneous MT (ihMT) (Varma et al., 2015) , which exploits a difference between the positive and negative offset signal to improve the sensitivity and selectivity to lipid (e.g., myelin) protons. ihMT contrast within brain white matter is driven by dipolar coupling in lipid membranes of myelin (Manning et al., 2017) . Chemical exchange saturation transfer (CEST) approaches including amide proton transfer (APT) imaging (Zhou et al., 2003) also offer contrast mechanisms based on interactions between macromolecular and water protons that may useful for assessing microstructural brain development.
Improved sensitivity to myelin and myeloarchitecture can also be achieved via multi-component relaxation time measurement. Here, the measured MRI signal is assumed to result from multiple water species, each with distinct T1 and T2 properties . With sufficient measurements and appropriate modeling, it is possible to decompose the measured signal into these individual contributions. Analysis of spine and brain tissue has consistently revealed the presence of at least two distinct water pools with fast and slow relaxation times that through disease and histological studies have been ascribed to water trapped within the lipid bilayers of the myelin sheath, and the less-restricted intra and extra-cellular water, respectively (Laule et al., , 2008 . Measurement of the myelin-associated water fraction (MWF) has found historical utility in diseases that affect myelin structure or integrity (e.g., multiple sclerosis (Laule et al., , 2008 ,), but also more recently in neurodevelopment (Deoni et al., 2012 .
In addition to providing individual information, many of these measures can be combined to inform on additional relevant microstructural properties. For example, qMT or MWF measures combined with neurite density information from a diffusion study can be used to quantify the myelin thickness, or g-ratio Mohammadi et al., 2015) , which is related to communication efficiency of axons. A few neuroimaging studies have linked structural white matter connectivity and measures of brain functional efficiency in neurodevelopment (Dubois et al., 2008; Olesen et al., 2003; Richards et al., 2015) , but the nature of these relationships is not yet well-understood. Fig. 1 shows examples of several different measures that are sensitive to tissue microstructure in the same 11-year-old healthy female, including T1-weighted imaging, FA and RD from DTI, MWF, NDI from NODDI, g-ratio from a combination of MWF and DTI, and qihMT and qMT. All of these are useful measures of microstructure, with different sensitivity and specificity to various contributions, and different acquisition and analysis challenges. Choices of which acquisition(s) and parameter(s) to use in a given study must be based on considerations of available scanning time, scanning hardware, subject population, and specific research question (e.g., sensitivity to change versus specificity to a particular biological process).
One of the most important considerations in pediatric studies of brain development is motion. As children are likely to move during prolonged acquisition protocols, a variety of approaches have been used to acquire high quality data in children without sedation. These include the "wrap and feed" method for infants, scanning children while asleep (Dean et al., 2014a) , training in a mock-scanner (de Bie et al., 2010; Hallowell et al., 2008), video watching (Harned and Strain, 2001) , and other behavioural techniques (Hartman et al., 2009; Theys et al., 2014) . Generally, the more quickly data can be acquired, the more likely a pediatric subject is to provide high quality data. As MRI becomes faster, the use of advanced sequences that require long acquisition times will become easier and likely more common in the developmental imaging literature.
Imaging studies have tended to focus on either infants and young children (~0-4 years) or older children and adolescents (~4-25 years), with few spanning the full age range. Infant studies require specialized equipment (i.e., head coils, vacuum bags) and scanning protocols (i.e., quiet, fast, and differing acquisition parameters) that are often inconsistent with studies in older children. Thus, it is largely for practical reasons that studies tend to cluster in these age ranges. This can make it difficult to determine trajectories across the entire span of development, as studies are not continuous and it is difficult to compare absolute values across studies. On the other hand, changes through later childhood are more apparent when not obscured by the very large changes that occur in infancy.
Objective
Here, we aimed to review the growing literature of MRI studies of white matter microstructural brain development from infancy to young adulthood. We limit this review to development after birth, omitting both fetal brain development and brain degeneration. Lifespan studies offer insight into the processes of microstructural brain changes and have made valuable contributions to our understanding of brain development, though the inclusion of elderly subjects can bias or obscure conclusions about developmental processes . Therefore, we mention lifespan studies where relevant, but do not extensively review them. Furthermore, we limit the review to studies of typical white matter development, excluding studies primarily focused on a particular disorder or disease population, including preterm infants. DTI studies of neurodevelopment have been recently reviewed elsewhere, both in infancy (Dubois et al., 2014; Qiu et al., 2015) and childhood/adolescence Tamnes et al., 2018) , so we include key findings from DTI studies, but focus on recent studies that use advanced diffusion models or other microstructural imaging techniques to investigate specific aspects of tissue microstructure. As this review is focused exclusively on the postnatal period, most studies reviewed here primarily measure or attempt to measure myelination and axonal packing, rather than pre-myelination processes that occur in the fetal brain.
Thus, the current review includes studies of typically-developing infants, children, adolescents, and young adults aged 0-25 years. We briefly review macrostructural development to provide context for microstructural studies, and then provide an overview of the literature on white matter microstructural brain changes. We highlight consistent findings across modalities, and pay particular attention to recent (in the Fig. 1 . MRI contrast 'stains' acquired on the same 11 yearold female, including a conventional T 1 -weighted image, and maps of diffusion parameters (FA, RD, and NDI), myelin water fraction (MWF), myelin thickness (g ratio), and pseudo-quantitative inhomogeneous and homogeneous magnetization transfer (qihMT and qMT). last decade) non-DTI studies. We briefly discuss sex differences, and the influence of genetic and environmental factors on microstructural brain development. We conclude with potential future directions that could address the many gaps in the current literature.
Healthy brain development
Macrostructural development
An overview of large-scale brain changes during development is useful to provide context for studying white matter changes at the microscopic level, so we briefly review key findings here. Substantial volumetric and morphological changes occur over the first few years of life, including large increases in total brain volume, as well as white matter and gray matter volume (Groeschel et al., 2010; Pfefferbaum et al., 1994) . By age 6 years, total brain volume has reached approximately 90% of adult values, with incremental increases continuing through the remainder of childhood and into adolescence (Giedd et al., 1999; Lenroot et al., 2007; Mills et al., 2016) . While total brain volume remains relatively stable (Aubert-Broche et al., 2013; Giedd et al., 1999; Lebel and Beaulieu, 2011; Mills et al., 2016) , regional volume changes continue as a result of ongoing plasticity and fine-tuning of neural systems. White matter volume increases across infancy, childhood and adolescence (Aubert-Broche et al., 2013; Giedd et al., 1999; Groeschel et al., 2010; Lebel and Beaulieu, 2011; Mills et al., 2016; Pfefferbaum et al., 1994) , with lifespan studies demonstrating that white matter reaches peak volume during the fourth decade of life (Lebel et al., 2012) . In contrast, gray matter volume increases during infancy (Makropoulos et al., 2016) , then decreases during childhood and adolescence along with cortical thickness (Aubert-Broche et al., 2013; Giedd et al., 1999; Groeschel et al., 2010; Lebel and Beaulieu, 2011; Lenroot et al., 2007; Mills et al., 2016; Pfefferbaum et al., 1994) . Fig. 2 shows these volume trends within two sample datasets, one from 0 to 5 years, and the other from 5 to 32 years. For more detailed reviews of macrostructural changes, please see (Giedd and Rapoport, 2010; Vijayakumar et al., 2017) .
Studies of microstructural development
To understand the underlying changes in tissue structure and architecture that drive large-scale macrostructural changes, many studies have investigated typical development of the brain's white matter microstructure. The majority of these studies have used diffusion tensor imaging (DTI) to assess microstructure. Given the plethora of diffusion studies of typical white matter development from birth to young adulthood (n ¼~80), we focus here on the larger and/or longitudinal DTI studies in this review, as they have the highest power to detect agerelated trends. For a more comprehensive reviews of cross-sectional DTI studies of healthy development, including tables of recent studies, please see (Dubois et al., 2014; Lebel et al., 2018; Qiu et al., 2015; Tamnes et al., 2018) . Fewer studies (n ¼ 11) have used magnetization transfer, myelin water imaging, and/or advanced diffusion imaging models to study the development of brain white matter microstructure. Table 1 provides a list of non-DTI studies examining white mater microstructural development since 2007. Notably, only one study was longitudinal (Dean et al., 2015) . The wealth of DTI literature is beginning to point to clear findings during both early and later childhood, but the non-DTI literature is relatively scarce. As will be detailed later in this review, this literature on young children points clearly to ongoing myelination, while the conclusions to be drawn in later childhood and adolescence are less clear. Thus, while good preliminary work has been done to understand microstructural brain development, more studies, especially longitudinal studies and those using advanced microstructural imaging techniques, are necessary.
Developmental timing
Histological studies have demonstrated that substantial myelination occurs during the first years of life (Yakovlev and Lecours, 1967) , and similar patterns of development are apparent on conventional MRI (Fig.  3 ). Across modalities, MRI studies consistently show the expected rapid increase in white matter maturation through infancy and toddlerhood (Fig. 4) . DTI parameters FA and MD (Hermoye et al., 2006; Mukherjee et al., 2001; Paydar et al., 2014) show similar findings to T2 relaxometry (Leppert et al., 2009) , MTR (Engelbrecht et al., 1998; van Buchem et al., 2001; Zhang et al., 2016) , DKI , g-ratio , WMTI (Jelescu et al., 2015) , and APT . Changes in infancy represent increases of~30-200% for FA, MK, and MTR, or decreases of 20-100% for T2, g-ratio, and APT, with the most rapid changes occurring in the first 1-2 years of life.
The white matter changes observed in infants are so large in magnitude they make it appear that development is complete by early childhood (Fig. 4) . However, many MRI studies demonstrate subtler microstructural changes that occur in later childhood and adolescence. DTI studies overwhelmingly show positive correlations of FA, and negative correlations of MD and RD with age throughout adolescence, and into the twenties in some brain regions Pohl et al., 2016; Taki et al., 2013) . While many DTI studies covering narrow age ranges use linear fits, it is clear from large studies across wider age ranges that microstructural changes are non-linear (Lebel et al., 2008; Taki et Fig. 2 . Developmental trends of white matter, gray matter, and total brain volume across childhood, adolescence, and young adulthood. White matter, gray matter, and total brain volume increase markedly across childhood (top row, 0-5 y). White matter volume continues to increase into young adulthood (bottom row, 5-32 years), while gray matter volume decreases and total brain volume remains stable. Data in the bottom row is longitudinal, so multiple scans from the same individual are connected by a line. Top row is unpublished data from Deoni et al.; bottom row data is adapted from Beaulieu (2011). al., 2013; Tamnes et al., 2010) . Longitudinal studies are best able to model development curves, and have clearly illustrated the exponential curves of DTI parameters FA and MD with peaks/minima reached during late adolescence or early adulthood (Lebel and Beaulieu, 2011; Simmonds et al., 2014; Wang et al., 2012) . Fig. 5 shows tractography data in example individuals, and a scatter plot of FA values across a group of children and youth. Significant maturation in these tracts can be appreciated across this period, with peak ages occurring between 21 and 25 years for these tracts. Changes in FA are~10-25% from age 5-25 years (Lebel et al., 2008; Tamnes et al., 2010) , considerably smaller than 30-130% changes that occur from 0 to 3 years (Hermoye et al., 2006; Paydar et al., 2014) .
DKI studies from middle childhood to older adulthood show peak MK is reached between 34 and 45 years (Das et al., 2017; Falangola et al., 2008) , slightly later than studies have shown for FA values (Hasan et al., 2009a (Hasan et al., , 2009b Lebel et al., 2010; Lebel et al., 2012; Westlye et al., 2010; Yeatman et al., 2014) .
A handful of studies using NODDI have demonstrated significant NDIage correlations in adolescence, in the absence of accompanying orientation dispersion index (ODI)-age correlations (Chang et al., 2015; Genc et al., 2017a; Mah et al., 2017) . While FA increases into the 20s or 30s and then decreases in middle-and later-adulthood (Hasan et al., 2009a (Hasan et al., , 2009b Lebel et al., 2010; Lebel et al., 2012; Westlye et al., 2010; Yeatman et al., 2014) , NDI continues to increase into the 60s, accompanied by increases in ODI that begin in young adulthood (Chang et al., 2015) .
Decreases of T2 relaxation times continue through adolescence and young adulthood (Saito et al., 2009) , again, at a much slower pace than during infancy (Leppert et al., 2009) . Another lifespan study quantified R1, reporting similar peak ages for R1 and diffusivity values, though maturation trajectories were markedly different for these two parameters, suggesting that they are measuring different processes during development and senescence (Yeatman et al., 2014) .
A recent study of g-ratio in 92 individuals demonstrated stable g-ratios in most of the corpus callosum from 7 to 85 years (Berman et al., Table 1 Key findings of non-DTI magnetic resonance imaging studies of typical white matter microstructural development from 0 to 25 years since 2007 are summarized. Studies using a variety of imaging techniques find rapid maturation in early childhood (~0-5 years) suggesting ongoing myelination. Studies in older children and adolescents find increases of NDI, but no changes or slight decreases in MTR. Studies using only DTI have been omitted from this table as they are numerous, and have been listed elsewhere in recent reviews (Dubois et al., 2014; Lebel et al., 2018; Qiu et al., 2015; Tamnes et al., 2018 2018). Exceptions were noted in the callosal motor fibers, where g-ratio increased, and the anterior frontal area, where g-ratio decreased with age. Taken together with the g-ratio study in infants , this suggests that g-ratio changes occur early in development, coinciding with the most rapid period of myelination, and then level off in later childhood. However, future studies focusing on later childhood and/or adolescence may reveal more subtle changes in g-ratio that are obscured when fitting across both development and aging. In contrast to evidence from other modalities, MT changes have not been robustly shown during adolescence. An MT study of adolescents 12-18 years showed no correlations between age and MTR in the CST in females, and a negative correlation in males (Perrin et al., 2008) ; a combined MT/DTI study showed robust and widespread correlations of DTI parameters with age from 7 to 14 years, but no significant correlations between age and MTR (Moura et al., 2016) . With relatively few MT studies of brain development, it can be difficult to determine when plateaus are reached. However, the lack of development or slight decrease in MTR during adolescence suggests that MTR peaks are reached sometime during childhood (Moura et al., 2016; Pangelinan et al., 2016; Perrin et al., 2009) . Because each of these modalities is sensitive to different underlying physiological processes, the discrepant results may simply indicate that different processes (e.g., myelination vs axonal packing) occur at different rates and with different trajectories, rather than providing conflicting messages. The interpretation of these changes will be further discussed below under Interpretation of Changes. A lack of longitudinal studies, or studies bridging childhood and adolescence using MT, MWF, or other microstructural imaging techniques, makes it difficult to draw conclusions about ages at which peak values are reached.
Regional variation in development
Across all imaging modalities, there is considerable regional variation in development trajectories. Post-mortem studies first described posterior-to-anterior, inferior-to-superior, and central-to-peripheral patterns of brain maturation for myelination of white matter (Yakovlev and Lecours, 1967) . These patterns are apparent on images of infants (Fig. 3) , where central regions such as the CST appear to myelinate before more peripheral brain areas. Few MR studies have directly examined gradients of change, though there is some support for posterior-to-anterior and inferior-to-superior patterns in the FA values of healthy children and adolescents (Colby et al., 2011; Krogsrud et al., 2016) . Interestingly, one study (Krogsrud et al., 2016 ) also shows some evidence of a right-to-left pattern of white matter change in diffusivity, though not in FA values. Indirect support for a posterior-to-anterior pattern of myelination is Fig. 4 . Developmental trajectories through infancy and early childhood show rapid changes over the first 2-3 years of life and many appear to plateau by 5 years. Data shown here is taken from several different studies (listed below plots) using a variety of methods to image brain microstructure. Overall, a trend is evident with earlier plateaus in the splenium versus the genu of the corpus callosum, suggesting a posterior-to-anterior pattern of development. offered by examining maturation of the corpus callosum, where posterior areas reach peaks earlier than anterior areas; this pattern is exhibited by parameters from DTI (Lebel et al., 2008) , NODDI (Mah et al., 2017) , T2 relaxometry (Leppert et al., 2009 ), g-ratio (Dean et al., 2016 , MWF (Dean et al., 2015) , and DKI (Jelescu et al., 2015; Paydar et al., 2014) .
More broadly, DTI and MWF studies have reported earlier development in core sensory and motor regions, and later development frontal and temporal white matter connections, as demonstrated by age at which the peak or plateau is reached (Lebel et al., 2008; O'Muircheartaigh et al., 2014; Tamnes et al., 2010) . Large and/or longitudinal DTI studies consistently demonstrate more protracted maturation in frontal-temporal connections, which continues into the 20s (Giorgio et al., 2010; Lebel and Beaulieu, 2011; Lebel et al., 2008; Tamnes et al., 2010) . The only large NODDI study of multiple white matter tracts shows similar regional variation, with later frontal-temporal development (Genc et al., 2017a) . A quantitative T1 and T2 study in infants directly compared maturation across white matter tracts, and found that the superior longitudinal fasciculus and arcuate fasciculus were the least mature, while the fornix, optic radiations, and spino-thalamic tracts were most mature in the first few months of life (Kulikova et al., 2015) . This timing and pattern parallels developmental patterns seen in cortical thickness and volume studies (Gogtay et al., 2004; Lenroot et al., 2007; Mills et al., 2016; Sowell et al., 2004) .
It is also important to note that in addition to regional variation in development rates, there is considerable regional variation in parameter values at all stages in development. Even when maturation is complete, values will vary across the brain. This is apparent in raw images, or, for example, in Fig. 5 , where FA values in the corticospinal tracts reach an asymptote for FA of around 0.53-0.54, while maturity in the inferior and superior longitudinal fasciculi occurs around 0.47, and 0.5, respectively. In adults, diffusion measures including FA, NDI, and MK are higher in the corpus callosum and the corticospinal tracts than in other white matter areas (Chang et al., 2015; Das et al., 2017; Lebel et al., 2012) . Even within the corpus callosum, values tend to be higher in the splenium than the genu or body (Das et al., 2017; Hasan et al., 2009b; Lebel et al., 2010) . This variation is due to differences in axon diameter, axonal packing, and natural variation in myelination that occurs across the brain (Aboitiz et al., 1992; Yakovlev and Lecours, 1967) . Due to this variation, in some cases percent changes may be a more appropriate measure of maturation than absolute changes, to account for natural regional variation. The best practice is to show scatterplots with data points and trends, and to report both percent changes and absolute changes to provide complete information to readers.
Interpretation of changes
There are many physiological processes that may cause changes in imaging parameters to occur during development. Possible microstructural contributions include myelination, or changes in axonal density or axon coherence. Concurrent changes in tract volume, iron content, and water content also influence various imaging parameters.
Histological studies show that myelination occurs rapidly during infancy, and this is confirmed by each of the microstructural imaging parameters sensitive to myelin. FA shows rapid increases during infancy (e.g., Hermoye et al., 2006; Mukherjee et al., 2001; Paydar, 2014) , as do other imaging parameters such as MWF (Dean et al., 2015) , g-ratio , DKI (Paydar, 2014) , MTR , and WMTI (Jelescu et al., 2015) . Jelescu et al. (2015) observed no changes in fibre dispersion across the first 3 years of life, suggesting that axon coherence remains stable during childhood and is not a major driver of maturation. A study using both DTI and DKI found that MK increased more than FA in the first 5 years of life , which may reflect isotropic changes to microstructure such as changes to the extracellular matrix or reorganization of myelin. Rapid decreases in diffusivity during infancy may also reflect, in part, decreasing water content (Neil et al., 2002) .
The changes during later childhood and adolescence are less clear, and no myelin-specific methods have been used to date to investigate age-related changes in later childhood and adolescence. Axial and radial diffusivity from DTI provide increased specificity to axonal integrity, and myelin and fibre density (Song et al., 2003 (Song et al., , 2002 (Song et al., , 2005 , respectively, than FA or MD. DTI studies of neurodevelopment most commonly find that age-related FA increases and/or MD decreases are accompanied by decreases of RD (Bava et al., 2010; Brouwer et al., 2012; Giorgio et al., 2008; Krogsrud et al., 2016; Lebel and Beaulieu, 2011; Lebel et al., 2008; Moura et al., 2016; Pohl et al., 2016; Scherf et al., 2014; Simmonds et al., 2014) . This suggests myelination, increasing fiber density, and/or axon coherence. Most DTI studies report little or no change in AD (Bava et al., 2010; Giorgio et al., 2008; Krogsrud et al., 2016; Lebel and Beaulieu, 2011; Lebel et al., 2008; Moura et al., 2016; Pohl et al., 2016; Scherf et al., 2014; Simmonds et al., 2014) ; only a few report increases of AD with age (Brouwer et al., 2012; Giorgio et al., 2010) , which may be related to reduced tortuosity (straightening) of axons, as has been seen in rats (Takahashi et al., 2000) . However, all 3 NODDI studies of childhood and adolescence find strong correlations between age and NDI, without accompanying changes in ODI (Chang et al., 2015; Genc et al., 2017a; Mah et al., 2017) , showing that axon coherence is not a major contributor to the developmental changes observed in numerous DTI studies. It is possible that increases of white matter volume could contribute to observed changes, particularly in DTI studies where partial voluming at the edges of white matter tracts may be a concern. While white matter volume increases during childhood and adolescence (Giedd and Rapoport, 2010; Lebel and Beaulieu, 2011) , it follows a different trajectory than diffusion parameters (Taki et al., 2013) , and several studies demonstrate diffusion changes independent of tract volume (Brouwer et al., 2012; Giorgio et al., 2010; Lebel and Beaulieu, 2011; Scherf et al., 2014) .
MTR, which is sensitive to myelin, does not show significant increases in late childhood/early adolescence despite accompanying increases of FA (Moura et al., 2016) . In one study, MTR even showed slight decreases during adolescence in males (Pangelinan et al., 2016) . The lack of MTR changes in adolescence suggest that myelin is not a major contributor to microstructural development during adolescence. However, given histological findings that myelination continues into adulthood (Benes, 1989; Yakovlev and Lecours, 1967) , it may be that myelin changes are very subtle, and require large sample sizes and/or longitudinal studies to detect.
In sum, myelination is a major contributor to early brain maturation, and is likely accompanied by increased axonal packing and decreasing water content. There is also good evidence that axon coherence remains stable across brain development, and is not driving changes in microstructural imaging parameters at any point in neurodevelopment. White matter microstructural maturation in later childhood and adolescence appears to be driven by changes in neurite density, particularly axonal packing. Evidence for role of myelin in later brain changes is supported by histological findings but lacking convincing imaging evidence to date. More studies are necessary, particularly those using advanced imaging techniques and models more specific to myelin, to determine the processes driving the observed developmental changes during late childhood and adolescence.
Relative sensitivity of parameters
The agreement of multiple techniques finding rapid development in infancy is likely due to their shared sensitivity to myelin. The disagreement among techniques during later childhood and adolescence, however, is likely due to their sensitivities to other processes. For example, in addition to myelin, DTI parameters are sensitive to axonal packing and axon coherence, while MTR is sensitive to other macromolecules.
A handful of multimodal studies are able to directly assess the relative sensitivity of different parameters to cross-sectional microstructural development. A study using both DTI and MTR to assess changes in late childhood and adolescence found that FA was the most sensitive to C. Lebel, S. Deoni NeuroImage 182 (2018) 207-218 change (i.e., correlated with age in the most regions), followed closely by MD and RD (Moura et al., 2016) . AD had significant correlations in only a few regions, while MTR was not correlated with age in any region. Two recent studies have showed that the NDI parameter from NODDI is more sensitive to microstructural changes in late childhood and adolescence than FA (Genc et al., 2017a; Mah et al., 2017) . Another study found that MK is more sensitive to changes in early childhood than FA, since it demonstrates continued maturation beyond the age at which FA plateaus . Finally, in late childhood, RD was found to be more closely correlated with age than either MWF or qihMT, suggesting it is more sensitive to age-related changes (Geeraert et al., 2018) . Thus, it seems that diffusion techniques are most sensitive to maturation, with the advanced diffusion parameters such as NDI and MK able to measure even more subtle changes than FA or RD. However, DTI is not a specific technique. Measures like MWF, g-ratio, and ODI are more specific to aspects of white matter development and thus may be more desirable for certain studies to measure, depending on their goals. Future multi-modal studies combining diffusion measures with more specific techniques may be the key to understanding precisely which processes occur during certain periods of development.
Individual differences in brain development
Sex-related differences
Most studies reviewed here include both males and females and do not test for sex differences. Some studies test for absolute differences and find none (Bava et al., 2010; Eluvathingal et al., 2007; Giorgio et al., 2008; Lebel et al., 2008; Mah et al., 2017; Muetzel et al., 2008) , while others report sex differences in diffusion parameters FA, MD, and NDI that are inconsistent across samples and across brain regions (Chiang et al., 2011; Genc et al., 2017a; Herting et al., 2012; Schmithorst et al., 2008; Schneiderman et al., 2007) . However, of more interest for this review are sex differences in brain development over time, which is something that many studies do not explicitly measure. Several DTI studies report earlier development in females, as evidenced by microstructural parameter changes that occur at younger ages in girls than boys, and/or continued changes of parameters during adolescence in males, with slower and/or absent changes in females (Asato et al., 2010; Clayden et al., 2012; Seunarine et al., 2016; Simmonds et al., 2014; Wang et al., 2012) . A study of MWF in infants and young children also found earlier development in girls than in boys (Dean et al., 2015) . MTR decreases in boys across adolescence, but no change was observed in girls (Pangelinan et al., 2016) , which may be in line with earlier developmental changes in females observed by DTI studies. These findings of earlier development in girls and more protracted change in boys are generally confirmed by studies of white matter volume, which also shows more protracted development in males than females (Lenroot et al., 2007; Perrin et al., 2008) . However, it is important to note that several DTI studies report no significant differences in developmental trajectories between males and females during childhood and adolescence (Bava et al., 2010; Krogsrud et al., 2016; Lebel et al., 2008; Muftuler et al., 2012) . Thus, the literature points toward small, but significant differences between sexes, with earlier microstructural development occurring in females, and more a protracted time course in males.
Puberty may also influence brain development, but fewer studies have directly examined this. Two DTI studies (Asato et al., 2010; Menzies et al., 2015) suggested that puberty has additional influence on white matter microstructural development over and above age, and an MT study showed a role of testosterone in MTR changes during adolescence (Perrin et al., 2008) . However, another DTI study showed limited influence of pubertal status: after accounting for age and sex, only the right insula had separate contributions from pubertal status (Herting et al., 2012) . A fixel-based diffusion study showed differences of fibre density between age-matched groups of pre-pubertal versus pubertal children in the splenium of the corpus callosum, suggesting that puberty may be related to increased axon diameter (Genc et al., 2017b) . MTR changes in the CST during adolescence (12-18 years), which were only significant in males, were mediated by both testosterone levels and pubertal stage (Perrin et al., 2008) . Whole brain MTR in males was also related to androgen receptor genotype (Pangelinan et al., 2016) .
More studies, particularly in large, longitudinal samples, are necessary to disentangle any potential effects of puberty and sex on microstructural brain development.
Influence of genetics
The influence of genetics on brain development remains an important topic with a growing literature. On the macroscale, cross-sectional and longitudinal studies have investigated and demonstrated genetic influences on total brain, white, and gray matter volume (Peper et al., 2009; Yoon et al., 2010) (Brouwer et al., 2012; Chiang et al., 2011) , with a review provided by (Douet et al., 2014) . Investigating more specific aspects of microstructure, findings of altered white matter structure and integrity have been reported in older children with similar genetic polymorphisms (Kohannim et al., 2012) , as well as older adolescents with specific heightened risk of schizophrenia (Zhou et al., 2017) . Genetics has a strong influence on white matter structure in infancy (Geng et al., 2012; Lee et al., 2015) , late childhood/early adolescence (Koenis et al., 2015) , and adulthood (Jahanshad et al., 2013) . A longitudinal study of twins showed no genetic influence on rates of white matter microstructure development during childhood (Brouwer et al., 2012) , suggesting that this genetic influence remains stable. However, studies have reported higher heritability of white matter structure (FA) in infants (Geng et al., 2012) and adolescents (Chiang et al., 2011) compared to adults, suggesting that genetic influence on white matter structure decreases with age. The heterogeneity in the imaging-genetic literature with respect to longitudinal development could indicate that the expression of specific genetic markers is associated with development only in specific age windows. For example, DM20 and PLP1 are selectively associated with pre-and post-natal myelination, respectively (Edgar and Garbern, 2004) . The major genetic risk factor for Alzheimer's Disease, the ApoE 4 allele, has also been associated with altered early brain myelination (Dean et al., 2014b) .
Influence of the environment
The decreasing genetic influence on white matter microstructure with age likely accompanies an increasing influence of environmental factors, which may impact the development of white matter microstructure across the lifespan. For example, prenatal alcohol exposure is associated with faster decreases of MD during childhood and adolescence (Treit et al., 2013) . Prenatal anxiety is linked with lower FA in right frontal white matter in infants (Rifkin-Graboi et al., 2015) , while prenatal depression is associated with higher FA in similar areas (Lebel et al., 2016) , suggesting altered white matter developmental trajectories in young children. Postnatally, breastfeeding is associated with faster increases of MWF in infants (Deoni et al., 2013) , and DHA supplementation in preterm infants appears to increase FA (Tam et al., 2016) . Children who experience early adversity (e.g., deprivation) have lower FA and higher MD than typical children, and early foster care mitigates the abnormalities (Bick et al., 2015) , suggesting differing developmental trajectories based on the caregiving environment. Educational attainment in adolescence is related to improved white matter microstructure (higher FA) independent of age (Noble et al., 2013) . Overall, positive environmental influences such as breastfeeding and nutritional support appear to cause faster and/or greater white matter development, while negative environmental influences including prenatal exposures or early deprivation appear to cause slower or impaired white matter development. However, there are clearly many unanswered questions when it comes to environmental influences on white matter development, and future studies will help elucidate these relationships.
Relationships with cognitive abilities and behaviour
Extensive reviews already exist that highlight general relationships between evolving brain structure and morphometry throughout childhood, and emerging cognitive functions or behaviours, e.g., (Casey et al., 2000; Giedd et al., 2008) . In cross-sectional studies, better white matter "integrity" (i.e., higher FA, MWF, MT, and/or lower MD) is generally associated with better cognitive abilities and fewer behavioural problems. Longitudinal studies of cognitive abilities or behaviour and white matter development are less common, but show that the relationship is more complicated. For example, one study showed that good readers have FA increases over time, while poor readers have FA decreases over time, so good readers have lower FA in late childhood but higher FA in early adolescence (Yeatman et al., 2012) . Another study showed that bigger gains in language skills were associated with bigger decreases of MD in children with fetal alcohol spectrum disorder (FASD) (Treit et al., 2013) . One study of white matter development in individuals with attention deficit hyperactivity disorder (ADHD) showed fewer differences of white matter microstructure between children with ADHD and controls than in adults, suggesting differential development trajectories with individuals with ADHD exhibiting slower and/or reduced development (Bouziane et al., 2018) . Myelin content (MWF) has been related to motor, vision, and language functioning cross-sectionally in infants and toddlers (O'Muircheartaigh et al., 2014) , and patterns of myelination have further been linked to overall cognitive outcomes .
There is a growing literature linking cognitive abilities, behaviour, genes, and environment to the development of white matter microstructure, though there remain many questions. In particular, longitudinal studies are needed to truly understand developmental trajectories and move beyond simply correlations with age in a cross-sectional sample. Additionally, few non-DTI studies have examined influences on white matter development (particularly beyond infancy) and could potentially highlight the specific processes that are altered in children. Finally, attribution of differences in white matter development to one (or even multiple) cognitive ability, behaviour, genetic or environmental influence is difficult as samples are very heterogeneous and it is impossible to control all potentially confounding variables.
Conclusions
In conclusion, the studies of developing brain microstructure clearly point to rapid development in infancy and early childhood, driven largely by increasing myelination. Development of brain microstructure continues at a slower pace into adulthood, but the underlying processes remain somewhat unclear, though studies point primarily to increasing axonal packing. There is regional variation in development patterns, with earlier maturation in central regions compared to peripheral, and in the posterior compared to the anterior corpus callosum. Sensory and motor regions tend to mature earliest, and emotional and cognitive regions in frontal and temporal areas follow the most protracted course, and do not reach plateaus until early adulthood.
The majority of literature to date on the development of brain microstructure, especially beyond early childhood, has used DTI, which is a powerful, but limited, technique. Techniques such as DKI, MWF, WMTI, and g-ratio have been used to better elucidate brain development in infancy, but have not yet found wide application to brain development in late childhood and adolescence. Accelerated acquisition techniques for more advanced metrics including multi-tensor or model-free diffusion imaging, qMT and qihMT, and MWF means that they may now be more widely adopted and deployed.
Relatively few longitudinal studies of typical white matter microstructural development exist, and all but one of these longitudinal studies used DTI. Recent initiatives, including the NIH-funded Baby Connectome, Adolescent Brain Cognitive Development (ABCD), and Environmental influences on Child Health Outcomes (ECHO) studies, the UK Biobank and Developing Connectome studies, and others, may help fill these voids by combining diverse neuroimaging, cognitive, genetic, and other environmental datasets collected on large (>10,000), longitudinal child cohorts. Smaller studies, which offer flexibility to use a single scanner, more advanced techniques, and more homogeneous populations, will continue to play an important role in our understanding of microstructural brain development and will complement larger studies by answering more specific questions.
The next decade is likely to bring significant advances to our understanding of the specific processes involved in development of white matter microstructure, and how these are altered by genetic, cognitive, or environmental factors. Overall, a better understanding of what drives development of brain microstructure will lend itself to better identification of deviations from normal development, and more effective and efficient interventions when problems arise.
Conflicts of interest
CL's spouse is an employee of General Electric Healthcare. SD receives consulting fees and grant support from Nestle Research.
